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Abstract 

The  recently  developed  techniques  of  solid  state  photoacoustic 
spectroscopy  have  been  applied  to  the  study  of  absorption  processes  in  1 

dielectric  and  semiconducting  solids  which  are  of  interest  in  high  cower 
laser  or  electronic  applications.  The  photoacoustic  effect  involves  the 
irradiation,  using  a  modulated  light  source,  of  a  material  in  a  closed  * 

cell.  Incident  photons  which  convert  to  heat  in  the  sample  by  non- 
radiative  processes  result  in  temperature  and  pressure  fluctuations  in 
the  coupling  gas  in  the  cell  synchronous  with  the  modulated  source.  ^ 

Through  the  use  of  appropriate  pulsed  and  chopped  cw  infrared  and  visible 
wavelength  sources,  these  investigations  have  provided  new  information 
about  a  wide  range  of  absorption  effects  including  optical  absorption  * 

in  highly  transparent  materials,  nonlinear  absorption,  localized  defect 
cha racterization ,  spectroscopy  of  adsorbed  surface  impurities,  and 
semiconductor  absorption  processes.  The  photoacoustic  method  has  * 

high  sensitivity,  good  spatial  and  temporal  resolution,  and  the  ability 
to  separately  detect  nonradiative  processes,  which  have  made  it  uniquely 
suited  for  these  investigations.  * 
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Section  I 


INTRODUCTION 

The  initial  phase  of  the  photoacoustic  spectroscoDy  project 
discussed  in  this  report  is  entitled  "Photoacoustic  Spectrometer  for 
Investigating  High  Power  Laser  Window  Materials"  and  was  concerned 
with  the  development  of  a  CO^  laser  photoacoustic  instrument  to 
characterize  optical  absorption  in  high  power  laser  window  and  window 
coating  materials.  That  phase  of  the  project  was  completed  with  the 
period  ending  30  September  1979.  The  second  phase,  which  began 
1  October  1979,  was  concerned  with  the  extension  of  the  window  material 
absorption  studies  to  other  scientific  applications  of  tunable  infrared 
laser  and  visible  light  photoacoustic  spectroscopy  to  solids  and  is 
entitled  "Photoacoustic  Spectroscopy  of  Dielectric  and  Semiconducting 
Solids."  The  research  during  the  yearly  period  ending  30  September  1981 
was  concerned  with  (1)  analysis  and  reporting  of  results  for  work  with 
adsorbed  surface  impurities,  (2)  with  modifications  to  the  apparatus  and 
design  and  construction  of  additional  electronics  for  the  infrared  spectro- 
meter,  and  (3)  measurements  and  calculations  involving  visible  wavelength 
spectroscopy  of  semiconductors.  Research  during  this  final  period  is 
described  in  Sections  VI  and  VII  of  this  report. 

The  interaction  of  radiation  with  matter  and,  in  particular,  the 
interaction  of  light  with  solids  comprise  fundamentally  important 
phenomena  which  also  have  considerable  practical  importance  in  many 
technological  areas  including  the  development  of  high  power  laser  window 
and  window  coating  materials  and  the  determination  of  photoelectronic 
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proDerties  of  semiconductors.  The  main  scientific  approach  in  the  work 
here  employs  the  photoacoustic  effect,  in  which  an  acoustic  signal  is 
produced  in  a  material  during  irradiation  with  a  modulated  light  source, 
and  which  is  directly  associated  with  photon-phonon  conversion  and  sub¬ 
sequent  nonradiative  decay  processes  in  the  solids.  The  central  objective 
of  this  work  is  to  obtain  new  information  about,  and  to  investigate  physical 
models  of,  a  wide  range  of  absorption  effects  associated  with  light  and 
laser  interactions  with  solids.  Specifically  of  interest  are  (1)  spatial 
and  chemical  characterization  of  localized  absorbers,  such  as  inclusions 
or  metallic  impurity  clusters  in  highly  transparent  materials,  (2)  the 
measurement  of  absorption  spectra  of  impurities,  especially  infrared 
absorption  properties  of  contaminants  and  adsorbed  gases  at  surfaces 
of  transparent  solids,  (3)  detection  of  nonlinear  absorption  processes  as 
are  associated  with  laser  induced  damage  in  semiconductors,  and  (4)  visible 
wavelength  absorption  processes  in  selected  semiconductors. 

The  original  description  of  the  photoacoustic  effect,  that  is,  the 

production  of  an  acoustic  signal  when  modulated  light  is  incident  on  a 

material  in  an  enclosed  cell,  was  given  by  Alexander  Graham  Bell  in  1880. 

Bell  discovered  that,  in  addition  to  the  changes  produced  in  the  electrical 

properties  of  a  selenium  receiver  element  which  was  used  for  modulated 

light,  an  acoustic  signal  could  be  detected  directly.  The  light  was 

incident  on  an  interior  surface  from  which  air  was  lead  through  a  tube 

directly  to  the  ear.  The  correct  interpretation  of  this  effect  for 

2  3  4 

solid  samples  has  been  presented  only  very  recently,  ’  ’  although  the 
effect  has  been  understood  and  applied  in  studies  of  trace  impurities 
in  gases  for  many  years. 
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The  conventional  application  of  the  photoacoustic  effect  to  the 
study  of  solids  involves  placing  the  sample  in  a  sealed  enclosure  which 
is  filled  with  a  transparent  gas.  The  sample  is  then  irradiated  through 
a  transparent  window  in  the  cell  with  a  chopped  monochromatic  or  tunable 
lioht  source  for  which  the  sample  is  at  least  partially  absorbing. 

Photons  absorbed  by  the  sample  and  converted  to  heat  give  rise  to 
temperature  fluctuations,  which  result  in  heat  conduction  to  a  gas 
boundary  layer  adjacent  to  the  sample,  which  in  turn  produces  pressure 
fluctuations  in  the  gas  at  an  acoustic  frequency  corresponding  to  the 
chopping  frequency  of  the  source.  In  this  experimental  configuration,  a 
lock-in  amplifier  having  a  tuned  signal  stage  is  used  to  detect  the  root- 
mean-square  amplitude  of  the  fundamental  component  of  the  acoustic  signal, 
since  this  quantity  may  be  compared  with  the  results  of  theoretical 
calculations  based  on  heat  flow  in  the  sample,  gas,  and  window  regions 
of  the  cell  as  discussed  below. 

Other  experimental  arrangements  are  possible,  such  as  the  use  of  a 

5 

pulsed  rather  than  a  chopped  source  or  the  detection  of  stress  waves 
directly  in  the  sample,^  and  can  be  applied  when  they  present  special 
advantages.  An  example  of  a  useful  modification  for  a  relatively 
strongly  absorbing  sample  is  to  use  a  pulsed  source  with  a  low  repetition 
rate,  rather  than  a  chopped  cw  source,  in  order  to  limit  local  heatina 
effects  which  could  result  in  undesirable  thermally  induced  changes  in 
the  absorption  properties  of  the  sample. 

A  simple  model  corresponding  to  a  frequently  used  cylindrical  photo¬ 
acoustic  cell  configuration  consists  of  the  external  air,  windows,  sample, 
and  coupling  gas  regions.  The  microphone  is  connected  to  the  interior 
gas  region  to  detect  the  photoacoustic  signal.  The  mathematical  procedure 
for  solving  this  problem  for  the  one-dimensional  case  is  to  write  the 


thermal  diffusion  equations  for  the  external,  window,  and  sample  regions 
and  the  hydrodynamic  equation  for  the  gas  region  of  the  cell.  The 
solutions  for  the  temperatures  in  the  different  regions  are  characterized 
by  oscillating  and  exponentially  decaying  factors  in  general,  with  the 
addition  of  an  acoustic  (adiabatic)  mode  in  the  gas.  Using  the  boundary 
conditions  for  temperature,  heat  flux,  and  gas  velocity,  it  is  possible  to 
determine  the  unknown  constants  in  the  general  solutions  and  to  obtain 
predictions  for  the  absolute  value  of  the  pressure  oscillation  (the  photo¬ 
acoustic  signal).  Details  of  such  calculations  will  be  discussed  in 
Section  II. 

4  7 

Some  theoretical  and  experimental  results  ’  which  are  useful  for  the 
following  discussions  can  be  given  briefly  here.  For  the  case  of  trans¬ 
parent  solids,  it  can  be  derived  that  a  sample  having  only  a  surface 

_  T 

absorption  will  have  a  photoacoustic  signal  proportional  to  f  “  and  that 

a  sample  having  only  a  bulk  absorption  will  have  a  signal  proportional 

-3/2 

to  f  ,  where  f  is  the  chopping  frequency.  Additionally,  a  bulk  signal 

has  a  phase  lag  of  45°  relative  to  that  of  a  surface  signal.  For  the 

case  of  nontransparent  solids,  the  bulk  absorption  contribution  to  the 

photoacoustic  signal  will  have  a  less  strong  frequency  dependence  than 
-3/2 

f  due  to  the  location  of  the  initial  heat  distribution  closer  to  the 
surface  than  is  the  case  for  a  transparent  material,  for  which  the 
initial  heat  distribution  is  essentially  constant  through  the  depth  of 
the  sample. 

A  thermal  wave  is  altered  as  it  travels  through  a  solid  by  a  factor 
exp[-( j^~Y~)  2L],  such  that  contributions  to  a  detected  signal  from  deeper 

g 

than  the  thermal  diffusion  length  are  negligible,  where  the  thermal 

K  ^ 

diffusion  length  is  defined  by  =  (-^r)  1  and  where  K  and  c  are  the 


thermal  conductivity  and  the  specific  heat  per  unit  volume,  respectively. 
Note  that  the  thermal  diffusion  length  decreases  with  increasing  chopping 
frequency. 
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Section  II 

THEORY 

1.  Introduction 

Several  researchers  have  introduced  different  approaches  for  the 

3 

calculation  of  photoacoustic  signals.  However  the  method  of  Parker  has 

been  found  to  be  accurate  and  relatively  simple  to  apply.  In  this  section, 

g 

which  is  based  on  an  extension  by  Lee  of  Parker's  technique,  the  physical 
model  of  photoacoustic  phenomena  is  reviewed,  and  an  extended  calculation 
is  oresented.  Finally,  the  chopping  freouency  resDonse  is  discussed. 

2.  Physical  Model 

Figure  1  introduces  the  cell  geometry  pertinent  to  the  generation 
of  ohotoacoustic  signals.  The  sample  (region  4)  is  placed  inside  a 
closed  cell  containing  air  (region  3)  or  other  gas  which  is  transparent 
to  the  incident  radiation.  A  backing  plate  (region  5)  is  used  to 
support  the  sample  and  is  assumed  to  have  good  thermal  contact  with 
the  sample.  As  a  matter  of  fact,  in  many  cases,  the  samples  are  sur¬ 
face  layers  grown  on  the  backing  plate.  The  cell  is  then  illuminated 
by  chopped  monochromatic  light,  as  shown  in  the  figure.  In  our  theo¬ 
retical  analysis,  we  assume  that  optical  absorption  of  the  chopped 
light  takes  place  not  only  in  the  sample,  but  also  in  the  window  and 
the  tacking  plate,  although  the  optical  absorption  of  the  window  is 
usually  much  smaller  than  that  of  the  sample  and  backing  material s . 

If  the  sample  absorbs  any  of  the  energy  incident  on  it,  some  energy 
level  in  the  sample  has  thus  been  excited,  and  this  energy  level 
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must  subsequently  de-excite.  There  are  two  major  mechanisms  to  account 
for  the  de-excitation  of  the  absorbed  light  energy  in  the  solid:  part 
of  the  energy  may  be  converted  to  light  of  different  wavelengths  through 
radiative  recombination  processes,  and  the  rest  is  converted  to  heat  by 
non-radiati ve  processes.  When  the  chopped  light  source  is  turned  on 
for  a  while,  after  a  short  transient  period,  the  temperature  of  the 
solids  (sample,  window  and  backing  plate)  assumes  a  steady  state  char¬ 
acterized  by  a  constant  plus  a  small  amplitude  fluctuation  whose  fre¬ 
quency  is  the  same  as  that  of  the  modulated  light  input.  There  is  also 
a  flow  of  heat  energy  from  the  solid  to  the  solid-gas  interface  by  means 
of  diffusion  and  therefore,  the  gas  on  the  boundary  layer  exDerienced 
a  temperature  variation  of  the  same  frequency.  Two  mechanisms  are  re¬ 
sponsible  for  the  heat  transfer  within  the  gas:  (1)  the  "thermal  mode 
corresponds  to  thermal  diffusion  in  the  gas,  attenuates  very  fast,  and 
is  not  so  important.  (2)  The  "acoustic  mode"  (or  "proDogation  mode") 
corresponds  to  a  nearly  adiabatic  process,  generates  a  pressure  wave 
which  is  detected  by  a  microphone  and  referred  to  as  the  photoacoustic 
signal.  Physically,  the  generation  of  the  photoacoustic  signal  can  be 
explained  as  follows:  Because  of  the  heat  transfer  across  the  solid-gas 
interface,  the  gas  within  a  diffusion  length  adjacent  to  the  sample 
surface  would  have  the  same  temperature  variation  as  the  solid.  Since 
the  enclosed  gas  obeys  the  ideal  gas  law  (at  least  to  the  first  aporoxi- 
mation),  the  expansion  and  contraction  of  the  boundary  layer  gas  due  to 
the  temperature  change  serves  as  a  driving  piston  to  the  remaining  por¬ 
tion  of  the  gas  in  this  cell  and  generates  the  pressure  wave. 

The  temperature  variation  in  the  gas  and  thus  the  photoacoustic 
signal  depends  on  both  the  optical  absorption  characteristics  and 


-8- 


thermal  properties  of  the  sample.  Knowing  the  optical  and  thermal 
properties  of  a  solid,  the  photoacoustic  signal  can  be  calculated  for 
that  solid.  Conversely,  for  a  solid  with  known  thermal  properties,  it 
is  also  oossible  to  deduce  the  optical  absorption  characteristics  from 
the  measured  photoacoustic  signal.  The  relationship  between  optical 
absorption  and  photoacoustic  pressure  is  derived  from  the  solution  of 
heat  transfer  equations  with  appropriate  boundary  conditions. 

3.  Mathematical  Fo  rmulation 

As  mentioned  above,  the  temperature  variation  of  the  solid-gas 
system  can  be  calculated  by  solving  heat  transfer  equations.  Then  the 
pressure  variation,  or  the  photoacoustic  signal,  can  be  determined 
from  the  temperature  variation  through  thermodynamic  relations.  To 
simplify  the  mathematical  calculation,  some  assuDmtions  are  made. 

These  assumotions  are: 

1.  Reflection  loss  of  the  incident  light  on  window  and  sample 
surfaces  is  neglected. 

2.  The  gas  in  the  cell  is  non-absorpti ve  to  the  incoming  light 

beam. 

3.  The  light  intensity  decays  exponentially  throughout  the  sample 
Thus,  the  heat  energy  absorbed  per  unit  time  and  length  at  a  point  a 
distance  l  from  the  surface  of  the  sample  is  proportional  to  :  e*o'-iL' 
where  i  is  the  optical  absorption  coefficient. 

4.  The  measured  signal  is  independent  of  the  diameter  of  the 
incident  beam:  the  cell  diameter  may  be  any  convenient  size  if  it  is 
filled  by  the  beam.  If  the  diameter  of  the  beam  is  reduced,  the  inten¬ 
sity  may  be  increased  by  focusing  the  beam  but  the  irradiated  volume 
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is  decreased  proportionally.  These  two  factors  cancel  each  other,  so 
the  measured  signal  is  independent  of  the  beam  diameter. 

5.  We  also  assume  that  the  gas  chamber  is  sufficiently  thin 
(compared  with  the  acoustic  wavelength)  so  that  the  heat  flows  primarily 
in  a  one-dimensional  manner  between  windows.  We  neglect  any  heat  flow 
from  the  sample  to  the  cell  walls.  This  assumption  and  assumption  4  enable 
us  to  solve  this  problem  as  a  one-dimensional  Droblen. 

Accepting  these  assumptions,  we  are  ready  to  set  up  the  aporopriate 
equations  and  boundary  conditions. 


a.  Heat  Transfer  Equations 

In  Figure  1,  assuming  window  2  is  highly  transparent  to  the  incident 
light,  the  ac  component  of  temperature,  T^,  satisfies  the  thermal  diffu¬ 
sion  eauation: 


d2T 


2 


-K2T~7  +  j*C2T2  =  V  '  *2dl 

d  x 


1 


(1) 


where  K2(cal/cm>sec- °K)  is  the  thermal  conductivity  of  region  2; 

3  -1 

C2(cal/cm  *°K)  is  the  specific  heat  Der  unit  volume;  u)(sec  )  is  the 

angular  chonoina  frequency;  a2(crrf"')  is  the  optical  absorption  coeffi- 

2 

cient,  and  I(W/cm  )  is  the  intensity  of  incident  light.  In  region  4 
and  5,  temperature  is  determined  by 


j2j 

d  4  .  r  T  -  Tp-®a(x-L/2) 

-K.  2  -1-C4T4  a4Ie  4 

d  x 


(2) 


d2T,  d 

-K& - 2  +  M5t5  =  a5Ie'a4°2e-a5(x-L/2-d2)  (3) 

3d  x 

where  «4,  C^,  «4,  ( ,  C-,  a&)  are  thermal  conductivity,  specific  heat, 
and  absorption  coefficient,  respectively. 
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Neglecting  gas  viscosity,  the  thermal  transport  in  the  gas  (regions 
1 ,  3,  6)  is  governed  by 

j(Kg/.)v4Ti+[Cpg+j(!^)]72T>k02CpgT.  =  0,  i  =  l  ,3,6  (4) 

where  Kg(cal/cm'SeC'°K)  is  the  specific  heat  oer  unit  volume  at  constant 
volume;  y  is  the  ratio  of  specific  heats;  and  kg=u/Cg,  Cq  (cm/sec)  being 
the  velocity  of  sound  in  the  gas.  A  comolete  derivation  of  equation  (4) 
is  presented  under  subsection  c  below. 

The  solutions  of  equations  (1),  (2),  and  (3)  are,  respectively 


T,(x)  =  A?e'k2(x+L/2+cV+B?ek2(x+L/2+dl 


(5) 


r4(x)  =  A^e  2 


-k,(x-L/2-d2)+B4ek4(x'L/2*d2) 


V 


e-a4( X-L/2) 


'K4a4  +J-C4 

Ts(x)  =  A5e'k2(x*L/2‘d2"d3^+B5ek2^'L/2'd2'd3) 


(6) 


a5I 


e-a4d2-35(x-L/2-d2) 


'K535  +^C5 

where  k^  =  ( )\  i  =  2,  4,  5. 

The  solution  of  equation  (2-4)  may  be  written  as 

V*)  =  Ti0  +  Til  ’  1  =  3’  6 


(7) 


(8) 


where  T^g  is  the  "acoustic  mode"  satisfying 

7^TiO  +  k02ji0  =  0  ’  1  =  3’  6 

and  T.^  is  the  "thermal  mode"  satisfying 

v2Til  +  kg2Tn  =  0  ,  i  =  1,  3,  6 


(9) 


00) 


where  kg  =  (ju>Cpg/Kg) 


r 


Therefore,  considering  only  the  outgoing  wave,  the  temperature  in 


region  1  and  6  can  be  written,  respectively,  as 

T] ( x )  =  A]ejk0(x+L/2+dl J  +  B1ek9(x+L/2+dl ^  (11) 

t6(x)  -  A6e'jk0(x'L/2"d2'd3)  +  B6e‘kg^x*L/2'd2'd3)  (12/ 

and  in  region  3 

T  3  ( x )  =  A3e"jkOx+B3e:ikOx+C3e‘kgx+D3ekgx  (13) 

Then  the  photoacoustic  pressure  is  (see  subsection  c) 

P<*>  =  CpgT3o-J<'-,,(“VC02)T31  (,,) 

From  this  equation,  it  can  be  seen  that  the  pressure  variation  has  a 
linear  relationship  with  temperature  variation. 


b.  Boundary  Conditions 

In  order  to  determine  the  unknown  constants  in  the  general  solu¬ 
tions,  approDriate  boundary  conditions  must  be  satisfied.  Temperature 
and  heat  flux  must  be  continuous  at  all  boundaries.  That  is 

T,  ■  T1+,  ,  i  •  1.  2,  3,  4.  5  (15) 


dTi 

idx 


dTi+1 
i+1  dx 


i  =  1,  2,  3,  4,  5 


(16) 


where  K,  0  ,  =  K_. 

I  9  O  y  D  9 

Since  gas  velocity 

u  =  ( j/uir0)  (dp/dx)  =  0  (17) 


at  each  solid-gas  boundary  surface,  we  have 

dp/dx  =  0  (18) 

at  x  =  -L/2"dl , -L/2,  L/2,  L/2-d2+d3.  Consequently,  we  have  fourteen 
boundary  conditions  for  fourteen  unknown  constants.  Since  the  analytic 
solution  of  this  set  of  equations  is  very  complex,  a  ccmDuter  program 


C  + 


was  generated  to  solve  for  these  constants. 


c.  Derivation  of  Equation  (4) 
i)  Glossary  of  Symbols: 

C,  CQ  soeed  of  sound,  CQ:- [ ( 3P/3c )&]q  =  U£/  )Q 


Cp,  Cv 

t 

k  k 
K 

p;  p! 


p,  p 


0 


t 

T 


V 

c 


n 


°1 


UJ 


specific  heats  at  constant  pressure,  constant  volume 
frequency 

phase  constant  =  w/c  =  2v/>,  kg  =  cu/cQ  =  2tt/- 
thermal  conductivity 

sound  pressure;  first-order  sound  pressure 
total  pressure,  equilibrium  pressure 
specific  entropy  of  unit  mass 
time 

absolute  temperature 
particle  velocity 
soecific  volume  = 

coefficient  of  thermal  expansion  =  r ( 3 v/ 5T ) p  ~  — 

ratio  of  specific  heats  =  Cp/C v  =  (Ks/K.i.) 

coefficient  of  shear  viscosity 

first-order  variational  comDonent  of  temperature 

isentropic  modulus  (or  inverse  of  isentropic  compressibility, 

1  -v  -1 

K  =  (-57  isothermal  modul  is  (or  inverse  of  isothermal 

s  V  3H  S  , 

1  sV  " 

compressibil i ty,  «t  =  (-^  ^ 
wavelength  =  C/f  ;  *q  =  C^/f 

total,  equilibrium  densities,  first-order  density 
angular  frequency  =  2vf 


ii)  The  Exact  Equations 

The  motions  of  a  fluid  medium  that  comprise  sound  waves  are  governed 


3- 


by  equations  that  include:  (1)  a  continuity  equation  expressing  the 
conservation  of  nass,  (2)  a  force  equation  expressing  the  conservation 
of  momentum  and  (3)  a  heat-exchange  equation  expressing  the  conserva¬ 
tion  of  energy.  These  equations  will  first  be  presented  in  their  exact 
form  before  approximations  are  made  in  formulating  the  linearized,  or 
small-signal,  acoustic  equations. 

(1)  Equation  of  Continuity: 

k  +  v  °  (ru)  =  0  (19) 

r»  L 

(2)  Force  Equation  (or  Navier-Stokes  Equation) 

For  a  nonviscous  fluid,  the  conservation  of  momentum  can  be  written  as 

c-rr  =  cF  -  ?P  where  D{  )/Dt  =  3(  )/3t  +  u 

a  I 

denotes  the  "material  derivative."  A  more  symmetrical  form  in  terms 
of  the  mass  transport  velocity  ru  is  obtained  if  the  continuity  equation 
(19)  is  multiplied  by  u  and  added  to  the  above  equation,  giving 

+  u(7';u)  +  (cu-v)u  =  PF  -  vP  (20) 

(3)  Energy  Relations 

The  conservation  of  energy  requires  that  the  following  Dower 
equation  be  satisfied: 

tCv(|{  +  u  •  vT)  +  C-Cj)-~--— 7  •  u  -  7  (K7T)  =0  (21) 

iii)  The  Small -Signal  Acoustic  Equations 

The  linearized,  or  small-signal  acoustic  eouations  can  be  obtained 
by  replacing  the  dependent  variables  in  (19),  (20)  and  (21)  by  the  sum 
of  their  equilibrium  or  zero-order  values  and  their  first-order  varia¬ 
tion  components,  and  then  form  the  separate  equations  that  must  be 
satisfied  by  the  variables  of  each  order. 
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k  'Onl  *  T:T0+61 


*  V> 


1  ,  vT=ve1 


P(p.T)  :  P0(r0,  Tq)  +  P, 


p,  •  C(ff)T]0it-p0)  *  tirWT-V 


■  3P  \ 


‘  3p 


=  Cq  v>  ( P-J  +6orOei  ) 

u  =  0  +  u-|  ,  7-u  =  7  •  u , 


l3T'pJ01 


(22) 


When  the  above  relations  are  substituted  in  (18),  (19),  (2C)  and  the 
equation  of  state  (22),  the  first-order  acoustic  equations  can  be 
separated  out  in  the  form 


3p, 

TT  +  -VS1  *° 

3u, 

e0  W  +  7D1  =  0 


c  -.C  — ~  + 
0  V  at 


ei  . 


(V*U^ )  -  K7  S1  =  0 


(19) ' 

(20) ’ 
(21)' 


1  "  y  (rl+£0°Oei) 


(22)' 


iv)  The  Steady-State  Heat-Transport  Equation 

To  find  the  steady-state  heat-transport  equation,  let 


e,  *  T2ejujT  ,  0l  =  p]ej!i)T 


P,  =  P,’e^T  ,  u,  =  u:e 


1  rl 


=  u'e^T 
1  ulp 


and  substitute  these  variables  into  (18)',  (19)',  (20)'  and  (22)'. 

Combine  these  four  equations  and  eliminate  pj,  Pj,  and  uj ,  the  steady-state 
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heat-transport  equation  is  obtaired  as 

j(k/„)v4T2+[Cp+j(>K/Ok02]v2T2+k02Cp72  =  0  (4) 

4.  Results 

Some  results  of  calculations  for  the  dependence  of  the  Dhotoacoustic 

signal  on  various  parameters  are  given  in  Figures  2  through  4.  These 

figures  illustrate  the  effects  of  cell  length,  sample  thickness,  and 

spatial  distribution  of  absorbers.  Note  in  Figure  2  the  limiting 

magnitude  of  the  photoacoustic  signal  of  low  frequencies  as  the  thermal 

diffusion  length  in  the  gas  becomes  comparable  to  the  length  of  the  cell. 

In  figure  3  note  the  features  in  the  calculated  response  curves  associated 

with  the  thermal  diffusion  length  reaching  a  value  equal  to  the  sample 

-1  -3/2 

thickness.  Figure  3  demonstrates  the  f  and  f  chopping  frequency 
dependence  for  surface  and  bulk  absorption,  respecti vely. 


Section  III 


HIGHLY  TRANSPARENT  SOLIDS 

1.  Introduction 

A  photoacoustic  method  has  been  applied  to  the  quantitative  measure¬ 
ment  of  optical  absorption  at  10.6  um  in  coated  and  uncoated  alkali 
halide  samples  having  a  spatially  varying  optical  absorption^’^’^  . 
Photoacoustic  signals  were  measured  as  a  function  of  the  chopping  fre¬ 
quency  of  a  CO2  laser  source.  The  dependence  of  the  signals  on  choDping 
frequency  and  an  absolute  electrical  calibration  of  the  cell  were  used 
to  interpret  the  data.  The  results  are  in  good  agreement  with  laser 
calorimetry  or  infrared  transmission  measurements  on  the  same  samples. 
Signal  fluctuations  identified  with  thermal  and  source-coherence 
effects  are  reported  and  discussed.  The  experiments  reported  here  con¬ 
firm  the  utility  of  the  photoacoustic  technique  in  the  general  investi¬ 
gation  of  optical  Droperties  of  highly  transparent  materials. 

The  experiments  reported  here  are  part  of  a  general  program  of 
applying  the  photoacoustic  method  to  the  study  of  surface  and  bulk  optical 
absorption  in  high  power  laser  window  materials.  Efforts  have  included 
the  development  and  verification  of  theoretical  models  of  the  photo- 
acoustic  effect.  The  particular  samples  discussed  here  to  illustrate 
the  use  of  the  photoacoustic  method  are  representative  of  samples  that 
might  be  encountered  in  laser  applications  and  are  not  necessarily  opti¬ 
mally  suited  for  studies  of  intrinsic  properties  of  the  alkali  halides. 

A  related  photoacoustic  method  which  utilizes  the  elastic  waves  generated 
in  the  solid  and  detected  by  attached  transducers  is  also  discussed.6 
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2.  Theoretical  Background 

Some  effects  important  to  work  with  highly  transparent  materials 

are  discussed  here  to  supplement  the  additional  background  material 

given  in  Section  II  of  this  report.  Some  reported  data  have  shown  a 

decrease  in  the  photoacoustic  signal  at  low  chopping  frequencies 

8  1  3 

relative  to  that  which  is  predicted  by  current  theories.  ’  Theore¬ 
tical  work  including  a  treatment  of  the  coupling  of  thermal  and  acoustic 
waves  has  also  been  reported.^ 

The  existence  of  entrance  surface  and  exit  surface  power  level 
differences  occurs  in  general  for  a  light  beam  transversing  a  solid. ^ 

This  is  due  to  reflection  with  and  without  phase  change,  respectively, 
from  an  entrance  and  an  exit  surface  of  a  window.  The  resultant  fields 
can  give  large  entrance/exit  power  level  ratios  as  calculated  from  the 
Fresnel  reflection  coefficients.  Just  inside  the  surfaces  of  a  window, 
a  power  ratio  of: 

P  2 

exi  t  _  4n 

Pent  (n+l)2 

occurs,  where  n  is  the  refractive  index.  Inside  the  cavity  formed  by 
two  windows  and  just  outside  their  inner  surface  a  ratio  of: 

Pent  _  4 

Pexit  ( n+1 ) 2 

would  be  obtained,  with  this  case  being  of  interest  for  certain  adsorbed 
gas  systems.  Such  power  level  differences  at  the  sites  of  localized 
absorbers  will  affect  photoacoustic  signal  levels. 

For  highly  transparent  materials,  interference  effects  can  occur  over 
large  distances  due,  for  example,  to  interaction  of  the  front  and  back 
reflections  of  a  window  with  an  incident  coherent  light  beam  and  to  the 
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interaction  of  the  reflected  beams  with  each  other.  Long  range 
coherence  effects  have  been  reported  for  transmitted  power  through  a 
GaAs  crystal. ^  Related  effects  can  occur  in  a  photoacoustic  cell 
configuration  used  for  transparent  materials.  The  general  behavior 
would  be  a  two  (or  more)  level  signal  with  fluctuation  between  levels 
being  produced  by  thermal  expansion.  There  would  be  a  tendency  to  remain 
in  the  low  absorption  state  due  to  the  faster  expansion  that  occurs 
in  a  higher  absorption  state.  In  principle  such  interference  effects 
could  be  utilized  to  separate  surface  and  bulk  absorption  with  very 
high  resolution.  The  magnitude  of  possible  fluctuations  as  expansion 
produces  constructive  or  destructive  interference  at  a  localized  absorp¬ 
tion  site  would  be  comparable  to  the  exit  and  entrance  power  level 
differences  given  above. 

An  important  class  of  problems  for  which  the  photoacoustic  signal 
has  not  yet  been  calculated  theoretically  is  that  of  absorption  by  snail 
inclusions  in  a  transparent  solid,  including  nonlinear  thermal  effects. 
This  case  would  require  a  complete  solution  for  the  three  dimensional 
heat  flow,  perhaps  using  the  finite  element  method.  Absorption  by  such 
defects  has  been  recognized  and  examined  in  an  analysis  of  damage  pro¬ 
cesses  in  window  materials.'7  In  photoacoustic  samples  the  relative 
magnitude  of  distance  from  a  surface,  distance  between  inclusions, 
diameter,  thermal  diffusion  length  in  the  inclusion,  and  thermal  diffusion 
length  in  the  transparent  solid  would  be  important.  In  some  special 
cases,  the  qualitative  behavior  of  the  frequency  dependence  of  the  photo¬ 
acoustic  signal  might  be  predicted  using  the  bulk  and  surface  frequency 
dependence  results  of  the  one  dimensional  theory. 
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3.  Experiment 

A  block  diagram  of  the  experimental  apparatus  is  shown  in  Figure 
5,  with  additional  details  being  given  in  Figure  23,  in  Section  VI. 

The  CO^  laser  is  an  Apollo  Laser,  Inc.  Model  500  operating  near  10.6  .m 
with  a  maximum  output  of  50  W  cw.  The  laser  has  been  modified  by  adding 
dielectric  coatings  to  the  front  reflector  to  avoid  the  possibility 
oscillation  near  9.6  pm.  The  laser  power  supply  is  operated  in  a  chopped 
mode  using  an  external  trigger  voltage.  The  power  meter  is  a  Coherent 
Radiation,  Inc.  Model  201.  The  condenser  microphone  is  a  Briiel  and  Kjaer  model 
4134  followed  by  a  Model  2619  preamplifier  giving  an  overall  sensitivity 
of  1  mV/^bar.  The  lock-in  is  a  Princeton  Applied  Research  Corp.  Model 
HR-8,  which  has  a  tuned  amplifier  stage  and  which  detects  the  root-mean- 
square  value  of  the  fundamental  component  of  the  photoacoustic  signal. 

The  aluminum  photoacoustic  cell  has  a  cavity  of  approximately  0.5  cm 
thickness  and  1.27  cm  diameter.  It  is  formed  by  two  windows  clamped 
against  gaskets,  as  shown  in  Figure  6.  The  acoustic  signal  in  the  cell  is 
coupled  to  the  microphone  through  a  13-gauge  hypodermic  needle;  this 
arrangement  permits  the  cell  volume  to  be  small  relative  to  the  size  of 
the  microphone.  The  cell  has  valves  which  permit  purging  or  evacuating 
and  backfilling  with  gases  other  than  air,  if  needed. 

The  electrical  calibration  method  is  shown  in  Figure  7.  An  elec¬ 
trically  heated  device  is  mounted  in  the  photoacoustic  cell  and,  when 
excited  with  a  square  wave,  produces  acoustic  signals  similar  to  those 
that  would  be  produced  by  optical  absorption  in  a  window  The  electrical 

power  input  to  this  device  is  measured  and  provides  an  absolute  cali- 

18 

bration  for  the  cell.  For  a  thin-film  on  an  insulating  substrate  the 
device  is  an  analog  to  a  transparent  window  with  a  thin  surface  absorp- 
tance  and  is  expected  to  have  a  signal  proportional  to  f*"* .  The  calculated 
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signal  is  shown  as  a  straight  line  in  Figure  8.  The  actual  signal  is  a 
factor  of  two  less  sensitive  than  calculated  over  much  of  the  range  and 
exhibits  several  acoustic  resonances.  The  ratio  of  experimental  to 
theoretical  response  shown  in  Figure  3  defines  the  frequency  response 
of  the  apparatus  and  is  used  to  correct  measured  photoacoustic  data. 

The  simplest  operating  procedure  is  to  rotate  the  cell  slightly 
away  from  normal  incidence  to  bring  reflections  away  from  the  laser  cavity 
and  to  exclude  the  possibility  of  interference  effects.  When  possible, 
the  front  window  is  chosen  to  have  a  very  low  absorption,  so  that  the 
photoacoustic  signal  generated  there  and  its  phase  relative  to  the  sample 
of  interest  can  be  neglected. 


4.  Result^ 

In  Figure  9  data  for  NaF  films  deposited  by  thermal  evaporation  are 
shown.  Results  are  presented  for  measurements  on  films  deposited  on  KC > 
and  NaC>.  windows  (samples  V  and  L ,  respecti vely )  just  after  removing  from 
the  evaporation  system.  Also  shown  is  the  increased  absorption  occurring 
in  a  film  which. was  deposited  on  KC F  and  which  was  permitted  to  deteriorate 
with  atmospheric  exposure  (sample  X).  The  materials  used  where  random 
cuttings  of  NaF  crystals  and  *1-02505  laser  windows  from  Harshaw  Chemical 
Company.  The  system  NaF  on  NaCF  represents  an  example  of  a  single  layer 
anti  reflection  coating  material  application,  and  NaF  itself  is  of  general 
interest  as  a  possible  substitute  for  the  radioactive  ThF^  in  multilayer 
coati ngs . ^  ^ 

In  Figure  10  photoacoustic  data  for  a  set  of  five  RbCC-doped  KC C 

samples  are  shown.  The  samples  were  cut  from  material  prepared  by  Harshaw 

Chemical  Company  for  the  Air  Force  Materials  Laboratory  and  were  used  for 

20 

a  study  of  the  precision  of  optical  absorption  measurements.  The  data  m 
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Figure  10  are  signals  obtained  from  pairs  of  windows  mounted  in  the 
photoacoustic  cell.  Five  sets  of  data  were  taken  using  different  con¬ 
figurations  of  the  windows,  and  the  five  equations  representing  total 
signals  for  pairs  of  windows  were  solved  for  the  individual  window 
signals  in  Figure  11.  Prior  to  making  the  measurements  shown  in  Figure  1C 
for  these  samples,  they  were  etched  in  HC£,  rinsed  in  ethanol  and  two 
isopropanol  rinses,  and  dried  with  a  hot  air  blower.  This  is  a  standard 
etching  procedure  for  reducing  the  surface  absorption. 

A  preliminary  experiment  has  been  performed  to  examine  entrance 
and  exit  field  effects  on  relative  photoacoustic  signals.  A  pair  of  NaC; 
windows  was  chosen  for  which  it  had  previoisly  been  determined  that  a 
rinse  in  isopropanol  would  produce  a  reduction  of  the  photoacoustic  signal 
level  relative  to  that  which  occurred  after  allowing  atmospheric  exposure 
of  the  windows.  Only  one  of  these  windows  was  then  cleaned  followina 
exposure,  giving  an  expected  reduction  in  surface  absorption  of  at  least 
a  factor  of  2.  The  pair  was  then  mounted  in  the  photoacoustic  cell  and 
measurements  made  with  both  orientations  of  the  cell.  The  higher  absorber 
was  first  further  from  the  source  and  then  closer  to  it  making  that 
surface  first  an  entrance  surface  and  then  an  exit  surface  for  the  laser 
beam.  A  ratio  of  0.76  was  obtained  for  signals  for  the  two  orientations. 
The  equations  in  the  theory  section  above  predict  a  ratio  of: 


— -  r  +  1 

S1  (n+1)2 


for  the  case  where  the  absorber  is  located  just  outside  the  surface  and 
where  r  is  the  ratio  of  absorption  levels  of  the  two  windows.  For  r  =  2 
we  obtain  Si /s^  =  0.86  from  the  equation  given  above  with  larger  values 
for  r  giving  smaller  values  of  s-|/S2- 
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In  Figure  12  data  are  presented  which  show  the  fluctuation  of  a 
photoacoustic  signal  between  two  levels  as  a  function  of  time.  This 
fluctuation  is  believed  to  be  due  to  thermal  expansion  and  its  effect  on 
the  existence  of  constructive  and  destructive  interference  of  reflected 
beams  either  at  the  surface  or  at  the  site  of  a  localized  defect.  The 
samples  in  this  case  were  etched  KC£  windows.  The  cell  was  initially 
at  or  near  normal  incidence.  Obtaining  continuous  data  was  impeded  by 
the  existence  of  changes  in  times  comparable  to  the  time  required  to 
adjust  the  lock-in.  The  broken  arrows  in  Figure  12  represent  rapidly 
increasing  or  decreasing  signals.  More  slowly  fluctuating  bistable  signals 
have  been  obtained  at  lower  incident  powers  with  the  two  levels  having 
a  signal  ratio  of  about  2  in  most  cases.  The  latter  part  of  the  data  in 
the  figure  shows  the  elimination  of  the  fluctuation  by  a  rotation  of  the 
cell  away  from  normal  incidence  (by  about  4.6°). 

5.  Discussion 

The  NaF  films  of  Figure  9  have  an  absorptance  in  a  range  that  can 
be  detected  in  infrared  transmission  as  well  as  photoacoustical ly .  The 
depositions  of  the  films  were  performed  in  a  high  vacuum  system  without 
multiple  evaporation  steps  or  ether  special  measures  to  purify  the 
starting  material.  The  absorption  in  these  films  is  probably  dominated 
by  hydroxyl  ions  incorporated  in  the  film  due  to  interaction  of  the  ‘ 
vapor  with  residual  gases  in  the  vacuum  system.  This  conclusion  is 
supported  by  the  infrared  transmission  soectra  which  show  larqe  peaks  near 
3u  associated  with  the  stretching  mode  of  OH  but  which  have  only  small 
peaks  near  6 u  where  a  bending  mode  peak  due  to  HOH  occurs.  The  absorptance 
near  10.6  pm  is  about  4%  from  the  transmission  spectra  and  is  near  the 
limit  of  sensitivity  for  that  method.  This  is  to  be  compared  with  an 
absorptance  of  about  6%  deduced  from  the  photoacoustic  signal  using  its 
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electrical  calibration.  Note  that  the  photoacoustic  signal  is  several 
orders  of  magnitude  above  its  detection  limit. 

The  results  for  the  KC».  crystals  shown  in  Figure  10  and  11  exhibit 
approximately  the  f~^  dependence  expected  for  surface  absorption  or  for 
absorbers  located  in  the  region  close  to  the  surface  relative  to  the 
thermal  diffusion  lengths  for  the  10  to  100  Hz  frequency  range.  The 
calculated  results  in  the  second  column  of  Table  1  show  the  photoacouc ti c 
absorptance  results  based  on  the  electrical  calibration  and  a  fitting 
of  a  f'^  curve  to  this  frequency  range. 

An  additional  feature  of  the  data  are  increases  to  higher  slopes  at 
particular  frequencies  above  100  Hz.  The  increase  occurs  at  frequencies 
that  correlate  inversely  with  the  absorptance  level.  A  possible  source 
of  tnis  effect  is  subsurface  inclusions.  A  particle  would  have  the  fre¬ 
quency  dependence  of  a  bulk  absorber  for  diffusion  lengths  shorter  than 
its  distance  from  the  surface  but  would  have  the  frequency  dependence 
of  a  surface  absorber  for  long  diffusion  lengths  (and  low  chopping  fre¬ 
quency).  In  a  more  general  model  including  the  thermal  properties  of 
inclusions,  slope  changes  would  be  expected  when  the  thermal  diffusion 
length  in  the  inclusion  approached  its  size.  A  conducting  inclusion,  for 
example,  would  absorb  heat  initially  at  its  surface.  This  heat  would 
flow  toward  the  center  for  a  distance  comparable  to  the  thermal  diffusion 
of  the  inclusion.  At  lower  frequencies  and  larger  thermal  diffusion  lengths 
the  particle  would  reach  a  constant  temperature  in  a  chopping  cycle  and 
would  begin  to  heat  the  surrounding  solid  and  contribute  to  the  normal 
photoacoustic  signal.  Another  type  of  signal  level  change  would  be  that 
associated  with  a  thermal  diffusion  length  in  the  solid  approximately 
equal  to  the  mean  inclusion-separation  distance.  The  heat  flow  should 
change  from  one  dimensional  at  small  f  and  large  to  three  dimensional 
at  large  f  and  small  L^. 


It  has  been  found  that  measurements  for  a  particular  sample  are 
reproducible  within  about  5%  if  the  positioning  of  the  sample  relative 
to  the  beam  is  maintained.  Other  effects  exist  which  limit  the  accuracy 
of  the  results  presented  here  and  which  might  require  adjustments  to  the 
results  in  a  more  exact  analysis.  These  effects  include  (1)  the  power 
level  corrections  associated  with  multiple  reflections  and  (2)  background 
signal  levels  associated  with  absorption  by  gas  in  the  cell  and  with 
true  surface  absorption  due  to  adsorbed  gas  layers. 

In  Table  I  a  comparison  of  photoacoustic  and  laser  calorimetry  results 
is  presented.  The  photoacoustic  results  are  2xAs  where  A$  is  a  f"1 
dependent  (surface)  absorptance  derived  from  the  data  in  Figure  11.  The 
laser  calorimetry  data  is  derived  from  the  measurments  made  on  the  same 
crystals  using  the  slope  method.  Since  optical  absorption  measurements 
on  highly  transparent  materials  can  differ  considerably  for  measurements 
performed  in  different  apparatus  on  the  same  samples,  the  agreement  of 
the  photoacoustic  data  in  Table  I  is  considered  to  be  satisfactory  com¬ 
pared  to  the  laser  calorimetry  results  for  the  etched  samples  shown  in 
the  last  column.  The  last  two  rows  in  the  table  are  data  for  the  high 

absorbtance  crystals  which  had  many  macroscopic  defects.  These  defects 

20 

were  associated  with  the  high  laser  calorimetry  absorptance  results. 

The  group  of  data  reported  here  were  obtained  by  careful  positioning 
of  samples  to  place  the  best  available  portion  of  the  sample  surfaces  at 
the  center  of  the  laser  beam.  Different  positioning  of  such  samples 
yielded  absorptance  values  larger  by  a  factor  of  about  5.  The  positioning 
method  for  the  reported  measurements  was  chosen  to  give  data  most  repre¬ 
sentative  of  the  crystals  rather  than  of  a  particular  strongly  absorbing 
surface  defect. 
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Some  preliminary  data  had  been  obtained  on  the  same  KCi  crystals 
using  the  same  cell  but  different  electronics  and  an  unmodified  laser. ^ 

The  frequency  dependence  and  fractional  change  with  etching  were  compara¬ 
ble  to  the  later  reproducible  results  for  these  and  other  crystals. 

However,  the  absolute  signal  levels  were  lower  by  a  factor  of  about  50. 
Since  the  present  signal  levels  are  reproducible,  the  cause  of  the  dis¬ 
crepancy  is  not  completely  known.  A  contributing  factor  must  be  the 
repeated  etching  of  the  crystals  which  increases  surface  area  and  damage. 
Additionally,  it  is  possible  that  any  9.6  pm  radiation  from  the  laser  prior 

to  its  modification  was  able  to  desorb  surface  contaminants  which  are  known 
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to  have  a  9.5  pm  absorption  band. 

Some  comments  should  be  made  regarding  the  different  photoacoustic 
techniques  now  in  use.  The  method  using  the  elastic  waves  in  the  solid 
seems  to  provide  a  strong  separation  of  surface  and  bulk  signals,  since 
they  appear  with  different  signs,  due  to  the  different  transducer  response 
to  spherical  and  radial  waves. ®  The  frequency  dependence  is  quite  compli¬ 
cated,  however,  and  has  not  been  calculated  in  detail  theoretically.  It 
is  also  necessary  to  perform  the  energy  calibration  separately  for  the 
surface  and  the  bulk  for  each  sample. 

The  photoacoustic  method  applied  in  the  present  work  has  a  well- 
understood  frequency  dependence  of  the  photoacoustic  signal  even  for 
fairly  complex  systems.  In  practice  it  sometimes  becomes  relatively 
difficult  to  extract  bulk  absorption  from  total  absorption  signals  when 
surface  absorption  dominates,  unless  very  low  frequencies  are  employed. 

This  conventional  application  of  the  photoacoustic  method  also  seems  to 
have  the  potential  to  detect  point  defects  or  inclusions  separately  from 
distributed  surface  absorption. 


jy 


6.  Conclusion 


The  use  of  an  electrically  calibrated  photoacoustic  cell  provides 
a  sensitive  method  of  determining  optical  absorption  properties  of 
highly  transparent  solids  including  nonhomogeneous  systems.  Complicating 
reflection,  interference  and  thermal  effects  can  occur  in  the  geometric 
cell  configuration  frequently  used,  but  these  effects  can  be  controlled 
with  appropriate  experimental  procedures.  Such  effects,  particularly 
interference,  are  expected  to  be  of  value  in  the  separation  of  bulk  and 
surface  absorption  in  addition  to  the  method  of  separation  possible  using 
the  chopping  frequency  dependence  of  the  signal. 

Applications  of  the  photoacoustic  technique  to  general  materials 

would  be  aided  by  theoretical  work  in  the  area  of  three  dimensional  heat 

flow.  In  particular,  the  theory  for  inclusions  having  thermal  and  optical 

properties  different  from  the  host  material  would  be  a  valuable  addition 

to  present  calculations,  which  treat  the  one  dimensional  problem  of  an 

optical  absorption  coefficient  that  varies  with  distance  from  the  surface 
1 2 

of  the  sample. 

The  experiments  reported  here  and  the  satisfactory  agreement  obtained 
with  the  techniques  of  laser  calorimetry  or  infrared  transmission  point 
to  the  value  of  the  pnotoacoustic  method  in  quantitative  absorption  studies 
The  high  sensitivity,  spatial  resolution,  and  temporal  resolution  become 
especially  advantageous  for  evaluating  complex  sample  configurations. 
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Table  I 


Comparison  of  total  absorptance  as  determined  by  the  photoacoustic 
method  and  by  laser  calorimetry  for  RbCe-doped  KCf.  crystals 
(see  text). 


Sample 


Photoacoustic 
Absorptance  Results 


Laser  Calorimetry 
Absorptance  Results 


D 

E 

A 

C 

B 


6.0  x  10‘4 
8.2  x  10'4 
8.8  x  10'4 
10.2  x  10'4 
11.0  x  10'4 


6.3  x  10-4 
8.6  x  IQ'4 
9. A  x  10*4 
23  x  10‘4 
25  x  10‘4 


4 
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Section  IV 

NONLINEAR  ABSORPTION 

A  photoacoustic  technique  has  been  used  to  detect  the  onset  of 

a  nonlinear  optical  absorption  effect,  as  the  incident  intensity  is 

varied,  in  semiconductor  samples  irradiated  by  a  pulsed  CO2  laser 
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source  operating  near  10.6  pm.  The  results  are  compared  with 
existing  studies  of  laser-induced  surface  damage  in  similar  samples. 

The  general  applicability  of  the  photoacoustic  method  to  the  detection 
of  nonlinear  or  regenerative  processes  prior  to  inducing  irreversible 
physical  damage  in  the  sample  is  discussed. 

The  experimental  apparatus  used  here  is  similar  to  that  described 
in  a  previous  study11  with  the  exceptions  that  the  CO^  laser  source  was 
operated  in  a  repetitive  pulsed  mode  for  the  present  experiments  rather 
than  in  a  chopped  cw  mode  and  that  an  anti  reflection-coated  germanium 
lens  was  added  to  focus  the  beam  to  higher  intensities.  Briefly,  the 
apparatus  consists  of  an  Apollo  Laser,  Inc.  Model  500  CO2  laser  operating 
near  10.6  pm  with  a  maximum  output  of  50  W  cw.  The  lase*"  has  been  modified 
by  adding  dielectric  coatings  to  the  front  reflector  to  avoid  the  possi¬ 
bility  of  oscillation  near  9.6  pm.  The  condenser  microphone  is  a  Bruel 
and  Kjaer  Model  4134  followed  by  a  Model  2619  preamplifier,  giving  an 
overall  sensitivity  of  1  mV/pbar.  The  photoacoustic  cell  enclosure  is 
formed  by  windows  or  samples  clamped  against  gaskets  on  the  aluminum 
body  of  the  cell  and  has  dimensions  of  0.5  cm  thickness  and  1.27  cm 
diameter.  The  acoustic  signal  is  coupled  to  the  microphone  through  a 
13-gauge  hypodermic  needle.  A  block  diagram  of  the  experimental  apparatus 
is  snown  in  Figure  13. 
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In  the  conventional  photoacoustic  apparatus,  a  chopped  cw  source  is 

used,  and  the  signal  is  detected  using  a  lock-in  amplifier.  Alternatively 

a  pulsed  source  and  a  different  type  of  signal  processing  can  be  used, 

and  this  case  has  recently  been  discussed  theoretically  and  applied  experi 
5 

mentally.  In  the  present  study  a  pulsed  source  was  used  to  avoid  an 
excessive  temperature  rise  in  the  partially  absorbing  samples. 

Experimental  results  for  a  0.038  cm  thick  Cr-doped  GaAs  crystal 
sample  are  given  in  Figure  14.  The  data  are  plotted  as  the  photoacoustic 
signal  base-to-peak  pulse  height  per  unit  irradiated  area  versus  the 
relative  incident  power  per  unit  irradiated  area.  A  clear  deviation  from 
the  initial  low-intensity  linear-absorption  region  is  visible.  Similar 
results  have  been  obtained  in  other  experiments  using  a  0.020  cm  thick 
Si  sample.  The  intensity  variation  in  Figure  14  was  produced  by  com¬ 
binations  of  beam  focusing  and  laser  power  changes;  however,  either 
method  of  intensity  variation  alone  was  capable  of  producing  sufficient 
intensity  change  to  reach  the  nonlinear  absorption  region.  This  applica¬ 
tion  of  a  photoacoustic  technique  to  detect  nonlinear  response  in  a 
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semiconductor  is  related  to  a  recently  described  method  involving  elec¬ 
trical,  rather  than  optical,  excitation  of  a  semiconductor  sample  in  an 
acousti c  cell. 

Some  additional  results  are  presented  in  Figures  15  and  16  to 
indicate  the  type  of  response  obtained  for  pulsed  excitation  as  described 
above.  Figure  15  presents  examples  of  the  waveform  for  a  bulk  and  for 
a  surface  absorption  case.  Figure  16  presents  data  for  the  response  for 
thin  crystals  of  two  different  materials,  GaAs:Cr  and  Si. 

The  deviation  from  the  initial  slope  for  the  data  presented  in 

Figure  14  corresponds  to  an  intensity  level  for  the  onset  of  a  nonlinear 

2 

absorption  of  about  1.3  kW/cm  for  the  peak  beam  intensity  of  a  gaussian 


beam.  The  calibration  for  this  intensity  level  is  based  on  transmission 


measurements  through  apertures.  The  onset  intensity  given  above  may  be 

2 

compared  with  experimental  results  on  the  order  of  kW/cm  reported  for 
a  recent  study  of  semiconductor  surface  damage  using  0.15  to  0.18  second 

4 

exposures  to  a  cw  CC^  laser.  The  accuracy  of  absolute  intensity  levels 
in  these  photoacoustic  experiments,  as  in  other  similar  experiments,  is 
about  40  and  is  limited  by  the  measurement  of  the  incident  beam  size 
and  its  spatial  distribution.  The  uncertainty  in  the  relative  intensity 
as  plotted  in  Figure  14  is  about  10«.  The  onset  intensity  obtained  in 
this  work  is  considered  to  be  compatible  with  the  existing  experimental 
results  referenced  above  for  irreversible  surface  damage  of  semiconductor 
samples  using  a  cw  CO2  laser  source. 

The  photoacoustic  data  and  theory  presently  available  do  not  dis¬ 
tinguish  between  the  existence  of  a  proposed  surface-initiated  parametric 
24 

instability  and  other  possible  types  of  localized  heating.  The  effects 
reported  here  are  not,  however,  attributable  to  thermally  induced  changes 
in  the  bulk  absorption  coefficient,  since  a  limited  pulse  energy  was  used. 
It  is  expected  that  experiments  with  larger  source  intensity  ranges, 
variable  pulse  lengths,  and  an  appropriate  series  of  independently 
characterized  semiconductor  samples  would  yield  information  related  to 
fundamental  causes  of  the  damage  mechanism. 

In  conclusion,  a  procedure  has  been  described  for  detecting  nonlinear 
absorption  processes  using  a  photoacoustic  technique,  and  an  example  of 
its  application  has  been  given.  The  commonly  used  procedure  in  laser- 
induced  damage  studies  of  semiconductor  or  dielectric  materials  is  to 
produce  physical  damage  that  is  difficult  to  quantify.  The  technique 
described  here  permits  the  detection  of  the  onset  of  nonlinear  absorption 
or  the  measurement  of  the  progression  of  regenerative  processes  at  pre¬ 
damage  levels. 
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Section  V 

LOCALIZED  ABSORPTION 

Recently  the  detection  of  the  surface  and  subsurface  structure  of 
silicon  nitride  ceramics  by  laser  photoacoustic  spectroscopy  has  beer. 

25 

demonstrated  ,  and  a  modification  of  an  acoustic  microscope  for  photo- 

oc 

acoustic  analysis  has  been  reported.  A  theoretical  calculation  for 
the  geometry  corresponding  to  localized  absorption  is  not  yet  available, 
but  this  geometry  is  encountered  frequently  in  the  analysis  of  actual 
samples.  Hence,  experimental  results  for  model  systems,  such  as  the 
data  presented  here,  are  of  considerable  practical  value  in  the  inter¬ 
pretation  of  photoacoustic  measurements. 

In  this  section  we  discuss  the  detection  and  spatial  characterization, 
using  a  photoacoustic  technique,  of  limited  area  NaF  surface  absorption 
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regions  deposited  on  KC>'.  crystals.  The  size  of  the  surface  absorber 
can  be  deduced  from  the  photoacoustic  signal  distribution,  as  shown  in 
our  results.  Furthermore,  the  photoacoustic  signal  dependence  on  the 

laser  chopping  frequency  f  was  found  to  be  the  same  as  that  predicted  for 
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thin  films  in  existing  one-dimensional  models  ’  ’  at  both  the  center  and 
at  the  boundary  of  the  limited  area  films.  The  failure  of  high  power  laser 
window  materials  such  as  KCc.  often  results  from  excessive  heating  at  an 
inclusion  or  other  defect  having  higher  ahsorptance  than  the  window  itself J7 
Thus,  the  detection  of  such  absorbers  non-destructi vely  is  important  for 
the  evaluation  of  high  power  laser  window  materials,  and  photoacoustic 
spectroscopy  has  proved  to  be  very  useful  for  this  purpose. 

Current  one-dimensional  theoretical  models  predict  that  essentially 
transparent  materials  having  only  a  surface  absorptance  will  have  photo- 
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acoustic  signals  inversely  proportional  to  the  laser  chopping  frequency 

f,  and  that  such  materials  having  only  a  bulk  absorptance  will  have 

-3/2 

signals  proportional  to  f  .  For  a  surface  absorber  the  thickness  of 
the  absorbing  layer  on  the  sample  is  smaller  than  the  thermal  diffusion 
length  L^,  which  is  defined  by: 


where  D  is  the  thermal  diffusivity  of  the  sample. 

The  experimental  apparatus  used  here  is  very  similar  to  one  previously 
reported. ^  Briefly,  the  photoacoustic  cell  consists  of  one  pure  KCL 
window  and  a  second  KCj.  window  having  a  defect  or  absorber.  A  CCK  laser 
operating  at  10.6  urn  is  chopped  and  then  focused  by  a  lens,  for  the 
present  experiment  to  a  beam  size  of  about  2  mm.  The  beam  passes  througn 
the  photoacoustic  cell  and  into  a  power  meter.  Light  absorbed  by  the 
sample  is  converted  to  heat  by  non-radiati ve  processes,  and  the  gas  in 
the  enclosed  cell  is  periodically  heated  by  conduction  from  the  sample. 

A  pressure  fluctuation  is  produced  and  detected  by  the  microphone  as  the 
photoacoustic  signal.  A  lock-in  amplifier  is  used  to  detect  the  root- 
mean-square  value  of  the  fundamental  component  of  the  signal.  In  addition, 
the  photoacoustic  cell  is  mounted  on  a  translation  stage  which  can  be 
moved  precisely  by  a  micrometer,  and  the  laser  source  can  scan  horizon¬ 
tally  across  the  sample  by  moving  the  translation  stage.  A  block  diagram 
of  the  apparatus  is  given  in  Figure  17. 

The  samples  used  in  this  investigation  consisted  of  limited  area  NaF 
films  of  about  3  um  thickness  deposited  on  KC2.  crystals.  The  film  regions 
were  deposited  as  a  circle  of  4.1  mm  diameter  or  as  a  stripe  of  4.1  mm 
width,  where  the  lateral  dimensions  were  measured  directly  with  a  traveling 
microscope  for  comparison  with  the  photoacoustic  measurements  as  described 
below.  The  samples  were  installed  as  exit  windows  of  the  photoacoustic 
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cell,  with  the  films  facing  inside  the  sealed  cell.  These  samples, 
consisting  of  absorbing  films  on  transparent  substrates,  serve  to  model 
transparent  crystals  having  localized,  absorbing  surface  defects. 

The  photoacoustic  signal  as  a  function  of  beam  position,  while 

scanning  along  a  diameter  of  the  circular  film  regions  is  shown  in 

Figure  13.  Due  to  the  circular  profile  of  the  laser  beam  and  the  film, 

and  to  the  intensity  distribution  in  the  beam,  it  was  calculated  that 

the  45  signal  strength  points  are  associated  with  the  diameter  of  the 

film.  The  diameter  was  determined  photoacoustical ly  to  be  4.1  mm  in 

agreement  with  the  results  obtained  with  the  traveling  microscope. 

Similar  agreement  has  teen  obtained  for  the  other  sample  having  an 

absorbing  film  stripe.  Also  shown  in  Figure  18  is  a  theoretical  signal 

2 

distribution  based  on  a  Gaussian  beam  profile  with  a  1/e  intensity 
radius  of  1.08  mm,  a  radius  derived  from  transmission  measurements 
through  apertures. 

The  chopping  frequency  response  has  been  measured  at  two  positions, 
labeled  as  A  and  B  in  Figure  18.  In  position  A  the  Deam  was  at  the  center 
of  the  circular  film,  and  in  position  B  the  beam  was  at  the  boundary, 
or  rim,  of  the  circular  film.  The  chopping  frequency  data  are  shown  in 
Figure  19.  The  frequency  dependence  of  the  signal  at  both  positions  is 
found  to  be  f"^ ,  as  expected  for  surface  absorption.  The  difference  o f 
the  signal  levels  on  these  two  positions  is  due  to  the  different  frac¬ 
tional  areas  of  the  film  which  are  illuminated  by  the  laser  beam  for  the 
center  and  boundary  cases,  as  was  determined  by  calculation  for  the  bear 
and  sample  geometries  of  this  experiment. 

In  conclusion,  photoacoustic  measurements  have  been  performed 
on  samples  fabricated  as  absorbing,  limited-area  NaF  films  on  transparent 
KCj.  substrates  and  having  surface  absorption  regions  with  dimensions  of 


-34- 


the  sane  order  of  magnitude  as  the  incident  light  beam  diameter.  Photo- 
acoustic  signal  data  were  obtained  as  a  function  of  beam  position  to 
characterize  the  lateral  extent  of  the  absorber  at  the  sample-aas  inter¬ 
face.  Additionally,  photoacoustic  signals  were  obtained  as  a  function 
of  chopping  frequency  at  the  center  and  at  the  boundary  of  the  films. 

The  functional  dependence  on  the  chopping  frequency,  which  is  in  general 
associated  with  the  depth  distribution  of  the  absorbers,  was  found  to  be 
proportional  to  f  and  thus  was  the  same  as  the  functional  dependence 
of  theoretical  and  exoerinental  results  for  one-dimensional  heat  flow 
systems . 

An  extension  of  these  studies  has  involved  modeling  the  more  gereral 
case  of  a  small  absorbing  inclusion  located  inside  a  transparent  sa-ole, 
where  the  size  of  the  inclusion  and  its  distance  from  the  surface  are 
approximately  equal  to  the  thermal  diffusion  length.  These  electrical 
analog  samples  employed  small,  tin  oxide  resistors  produced  by  microtech¬ 
nology  methods  and  effectively  embedded  in  glass  at  a  known  distance  fro^ 
the  surface  through  the  use  of  etched  cover  glasses  of  different  thicknesses. 
This  procedure,  shown  schematically  in  Figure  20  yielded  results  which  were 
interpretable  using  one-dimensional  heat  flow  theory,  even  though  the 
heat  flow  was  three-dimensional  by  the  construction  of  the  samples.  Tnese 
results,  shown  in  Figures  21  and  22,  together  with  a  1-d  calibration  o* 
the  apparatus  using  planar  resistor  heat  sources,  establish  the  absolute 
calibration  for  localized  absorption,  validates  the  use  of  focused  oeans 
to  reach  high  intensity  levels  needed  in  some  semiconductor  experiments, 

and  permits  the  interpretation  of  data  showing  more  complex  features  than 
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the  normally  discussed  f  or  f  dependences,  where  f  is  the  chopping 
frequency.  For  the  case  in  which  the  absorption  is  localized  to  a  plane 
at  a  distance  L  from  the  surface,  the  photoacoustic  signal  is  found  to  be 
proportional  to  f  ^  exp(-L/L^,  where  is  the  thermal  diffusion  length. 
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Additional  effects  would  be  expected  to  occur  for  cases  in  which  high 
temperatures  were  reached  in  the  vicinity  of  localized  absorbers,  due 
to  the  temperature  dependence  of  absorption  processes,  gas  density, 
and  gas  thermal  conductivity. 
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Section  VI 

PHOTOACOUSTIC  SPECTROSCOPY  OF  ADSORBED  SURFACE  IMPURITIES 

1 .  Introduction 

Significant  infrared  absorption  can  arise  from  vapors  adsorbed  on 
solid  surface  during  exposure  to  the  atmosphere,  during  exposure  to  low- 
vapor-pressure  laser  system  components,  and  during  surface  passivation 
or  stabilization  treatments.  The  photoacoustic  effect  has  proved  to 
be  a  useful  quantitative  technique  for  the  measurement  of  surface 
optical  absorption  and,  when  using  a  CO^  laser  source,  provides  a 
sensitivity  of  a  few  percent  of  one  monolayer  for  vapor  molecules  chemi¬ 
sorbed  on  highly  transparent  substrates. 

The  work  described  in  this  section  involves  an  application  of 

photoacoustic  spectroscopy  to  surface  absorption  studies  of  high  power 
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laser  window  materials.  Results  are  presented  for  the  time  dependence 
of  surface  absorption  during  controlled  vapor  exposure  and  for  the 
wavelength  dependence  of  surface  absorption,  in  the  9-11  um  range, 
following  atmospheric  contamination.  The  application  of  these  techniques 
to  the  determination  of  adsorption  rate  constants,  activation  energies, 
and  the  chemical  identification  of  surface  impurities  is  discussed. 

The  photoacoustic  technique,  when  using  gas  coupling  between  the 
sample  and  the  microphone,  is  relatively  more  sensitive  to  surface 
absorption  than  to  bulk  absorption  due  to  the  lack  of  attenuation  of 
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thermal  waves  during  the  heat  transport  through  the  solid  as  was 
discussed  in  Section  II.  An  early  application  of  photoacoustic  spectro- 
scopy  to  surface  analysis  was  reported  by  Rosencwaig.  The  procedure 
involved  the  use  of  a  conventional  lamp  source  and  monochromator  to 


to  obtain  spectra  of  highly  polished  copper  electrodes  passivated  with 
benzotriazole .  Sensitivity  with  this  type  of  apparatus  is  better  than 
1  monolayer  at  the  surface.  Since  the  photoacoustic  signal  is  directly 
related  to  the  amount  of  heat  produced,  improvement  in  sensitivity  can 
be  obtained  by  increasing  the  power  of  the  source  from  the  few  milliwatts 
available  from  the  lamp  source  to  the  much  higher  powers  available  fror 
tunable  laser  sources.  A  laser-excited  photoacoustic  apparatus  car,  dete 
fractional  surface  absorption  at  levels  of  10"^  and  below,  while  a  mono¬ 
layer  of  a  surface  absorber  yields  a  fractional  absorption  on  the  order 
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of  10  .  The  results  discussed  here  for  infrared  absorption  at  the 

surfaces  of  highly  transparent  substrates  used  fixed-wavelength  and 
tunabl e C0^  laser  sources  operated  at  lower  levels  of  a  few  watts  in 
the  9-11  pm  wavelength  range. 

2.  Experiment 

A  block  diagram  of  the  apparatus  is  shown  in  Figure  23.  The  CO. 
laser  used  in  the  fixed  wavelength  measurement  of  the  time  dependence 
of  the  photoacoustic  signal  during  a  controlled  vapor  exposure  is  an 
Apollo  Laser,  Inc.  Model  500  operating  at  10.6  ym  with  a  maximum  output 
of  50  W  cw.  This  fixed  wavelength  laser  has  been  modified  by  replace¬ 
ment  of  the  extraction  mirror  with  a  specially  coated  mirror  to  avoid 
the  possiblity  of  oscillation  near  9.6  ym.  The  CO2  laser  used  in  wave¬ 
length  dependence  studies  is  an  Advanced  Kinetics,  Inc.  Model  MI RL- 50- SL 
operating  in  range  of  9.2  to  10.9  ym  with  a  maximum  output  of  35  W  cw 
averaged  over  all  lines.  Thi s  turnable  laser  is  equipped  with  a  Sargent- 
Welch  Model  8821  mechnical  pump  for  high  gas  throughput  in  order  to  reach 
higher  cw  power  levels.  The  power  meter  is  a  Coherent  Radiation,  Inc. 
Model  201.  The  condenser  microphone  is  a  Briiel  and  Kjaer  Model  4134 


followed  by  a  Model  2619  preamplifier.  The  lock-in  amplifier  is  a 
Princeton  Applied  Research  Corp.  Model  129A  modified  to  accept  a  Model 
189  selective  amplifier  stage. 

The  aluminum  photoacoustic  cell  has  a  cavity  of  approximately  0.5 
cm  thickness  and  1.3  cm  diameter.  The  cavity  is  enclosed  by  two  samples 
(laser  windows)  clamped  against  gaskets.  The  acoustic  signal  in  the  cell 
is  coupled  to  the  microphone  through  a  13-gauge  hypodermic  needle.  Tne 
cell  has  valves  which  permit  purging  or  filling  with  gases  other  than  air 
when  necessary.  The  absolute  absorption  calibration  of  the  photoaco-stic 
cell  was  accomplished  by  use  of  an  electrically  heated  thin  film  resistor 
mounted  on  the  cell,  to  which  a  known  electrical  power  was  supplied,  and 
for  which  the  acoustic  response  was  measured.11  The  wavelength  calibra¬ 
tion  of  the  tunable  laser  was  obtained  using  an  Optical  Engineering,  Inc. 
Model  16-A  spectrum  analyzer,  for  which  the  calibration  was  verified  using 
a  HeNe  laser.  The  photoacoustic  cell  was  operated  with  a  slight  rotation 
away  from  normal  incidence  to  bring  reflections  away  from  the  laser  cavity 
and  to  eliminate  some  possible  interference  effects.11  The  chopping  fre¬ 
quency  for  the  data  presented  here  was  33  Hz. 

The  controlled  vapor  source  consists  of  a  three-stage  gas  dispersion 
apparatus  constructed  from  500  ml  Erlenmeyer  flasks  having  medium  and 
coarse  porosity  gas  dispersion  tubes  submerged  in  the  first  and  second 
stages,  respectively,  and  a  straight  glass  tube  submerged  in  the  final  staae. 
Ultra-pure  nitrogen  carrier  gas  was  passed  through  each  of  the  partially 
filled  flasks,  which  contained  saturated  solutions  of  NaCl  in  deionized 
water,  with  approximately  a  20%  excess  of  NaCl .  The  flow  rate  was  typically 
set  at  a  few  cubic  centimeters  per  minute  to  provide  a  constant  replacement 
of  gas  in  the  cell  from  the  constant  relative  humidity  source  above  the 
saturated  solutions.  The  technique  is  related  to  that  recently  reported 
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for  a  higher  flow  rate  apparatus.^ 

The  polished  KC1  and  NaCl  crystals  discussed  in  this  report  were 
purchased  from  the  Harshaw  Chemical  Company,  Part  Number  L-02505,  and 
further  selected  for  low  total  absorption. 

3.  Results 

An  example  of  results  obtained  for  the  time  dependence  of  the 
photoacoustic  signal  during  a  controlled  vapor  exposure  following  a 
chemical  etch  is  given  in  Figure  24.  The  etching  procedure  is  a  standard 
one  consisting  of  two  minutes  in  HC1  followed  by  10  sec  rinses  in 
ethanol  and  two  isopropanol  rinses  followed  by  drying  with  a  hot  air 
blower.  The  procedure  was  to  expose  the  etched  KC1  crystals  to  the 
vapor  derived  from  the  saturated  NaCl  solution  continuously,  except  durina 
the  actual  photoacoustic  measurement,  when  the  valves  of  the  cell  were 
closed.  Similar  results  have  been  obtained  with  NaCl  crystals.  The 
initial  portion  of  the  curve,  represented  by  the  dashed  line,  includes 
laser  beam  exposure-time  effects,  as  discussed  below,  in  addition  to 
effects  from  elapsed-time  or  vapor  exposure-time,  as  plotted  on  the 
horizontal  axis. 

In  general,  in  experiments  involving  both  KC1  and  NaCl  laser  windows, 
effects  were  observed  which  were  separately  associated  with  desorption 
of  contaminants  (having  a  beam  exposure-time  dependence)  gas  desorption 
(having  a  vapor  exposure-time  dependence)  and  local  heating  (having  a 
laser  power-level  dependence).  The  choice  of  only  a  few  watts  for  the 
laser  output  power  in  the  experiments  reported  here  was  to  eliminate  any 
significant  contribution  from  the  latter  effect  above,  which  can  be 
important  at  higher  power  levels  on  crystals  having  localized,  highly 
absorbing  defects  which  can  produce  temperature  dependent  absorption. 
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Some  initial  results  for  the  wavelength  dependence  of  the  photoacoustic 
signal  during  a  controlled  vapor  exposure  is  given  in  Figures  25(a)  through 
2 5(c).  These  data  are  for  KC1  crystals  (a)  1  day  after  etching  and  mounting 
in  cells  filled  with  ultra-pure  nitrogen,  (b)  after  4  days  exposure  to  vapor- 
derived  from  the  saturated  NaCl  solution  in  deionized  water,  and  (c)  the 
difference  spectrum  for  data  obtained  after  and  before  vapor  exposure. 

Finally,  in  Figure  26  results  are  shown  for  the  wavelength  dependence 
of  the  photoacoustic  signal  for  a  pair  of  etched  crystals,  which  were  first 
stored  mounted  in  the  cell  filled  with  ultra-pure  nitrogen  for  1  day,  then 
exposed  to  atmospheric  contamination  for  7  days  by  storing  in  a  glass 
cover  dish  with  dessicant.  The  contribution  to  the  signal  shown  in  Figure 
26  from  the  background  signal  (existing  prior  to  atmospheric  exposure) 
is  approximately  12  of  the  total  signal. 

4.  Discussion 

The  contributions  to  the  total  photoacoustic  signal,  as  shown  in 
Figure  24,  and  as  inferred  from  that  data  and  from  additional  measurements 
on  NaCl  and  KC1  crystals,  can  be  viewed  as  (1)  a  background  signal  arising 
from  bulk  and  surface  impurities  and  defects,  (2)  a  "first  layer"  fast- 
rate  surface  adsorption  which  occurs  during,  and  just  after,  etching, 
and  (3)  a  "second-layer"  slow-rate  adsorption  process  occurring  during  the 
vapor  exposure.  These  processes  are  shown  schematically  in  Figure  27. 

The  latter  process  is  the  time  dependent  portion  of  the  signal  represented 
by  the  solid  line  in  the  Figure  24.  The  consideration  of  the  surface 
adsorption  effects  as  two  processes  has  been  put  forth  previously  by 
Bennett  during  a  discussion  of  water  contamination  of  thin  films  in 
connection  with  the  work  of  Sparks.^ 


The  data  of  Figure  25  show  general  trends  for  adsorption  after 
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etching  consistent  with  that  observed  previously  by  other  workers. 

The  di fference  spectrum  in  25(c)  demonstrates  the  capability  of  this 
technique  to  provide  chemical  identif ication  of  adsorbates.  The 
tentative  association,  by  the  design  of  the  experiment,  which  involved 
the  water  vaoor  exposure  o*  a  hygroscopic  substrate,  is  with  adsorbed 
water.  This  identification  is,  of  course,  subject  to  further  measurements 
and  calculations.  Internal  molecular  vibration  modes  for  water  would 
not  correspond  to  peaks  in  the  9-11  urn  range,  but  quite  possibly  vibra¬ 
tions  of  the  molecule  associated  with  the  (weaker)  chemisorption  bonds 
would.  The  character  of  the  etched  surface,  the  adsorption  site  hetero¬ 
geneity,  and  the  various  possible  adsorption  orientations  combine  to  make 
this  a  relatively  complex  problem,  however. 

The  data  of  Figure  26  are  primarily  of  interest  for  thu  demonstration 
of  the  relatively  large  surface  absorption  change  that  occurs  with  atmos¬ 
pheric  contamination  and  also  its  relatively  broad  wavelength  dependence. 

The  application  of  this  type  of  measurement  (which  employs  uncontrolled 
exposure  conditions)  would  be  primarily  in  the  testing  or  handling  of 
assembly  environments  for  laser  or  optical  systems. 

For  a  precisely  characterized  substrate  adsorbing-molecule  syste-, 
the  analysis  of  data  such  as  that  shown  in  Figure  24  will  yield  an  effec¬ 
tive  rate  constant  for  the  adsorption  process  (or  the  actual  rate  constant 
for  a  less  heterogeneous  system).  Extension  to  the  analysis  of  the  tempera¬ 
ture  dependence  for  such  a  system  would  yield  the  effective  activation 
energy  of  the  process  and,  in  turn,  provide  information  on  useful  operating 
or  exposure  parameters  for  optical  systems. 

For  the  purpose  of  comparison  with  other  work,  it.  should  be  noted 
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that  the  conversion  from  photoacoustic  signal  exDressed  as  uV/watt 
(root-mean-square  photoacoustic  signal  per  average  optical  power  transmitted) 
to  the  fractional  absorption  per  surface  for  pure  surface  absorption  or 
for  surface  absorption  changes  for  KC 1  windows  is  made  by  multiplying  by 
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a  factor  of  2.0  x  10  .  This  yields,  for  example,  a  change  in  surface 
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absorptance  in  the  difference  spectrum  of  Figure  25  amounting  to  3.0  x  10 
at  a  wavelength  of  10.6  urn. 


5.  Conclusion 

A  photoacoustic  technique  has  been  applied  to  the  study  of  adsorbed 
surface  impurities  on  alkali  halide  materials  of  interest  in  high  power 
laser  systems.  The  sensitivity  of  the  method  corresponds  to  a  few  per¬ 
cent  of  a  single  monolayer  for  a  chemisorbed  species  such  as  water  vapor. 
The  technique  could  be  extended,  with  the  addition  of  ultra-hiqh  vacuum 
processing  tecnniques,  precisely  characterized  substrate  crystals,  and 
detailed  monitoring  of  exposure-gas  composition,  to  orovide  fundamental 
information  on  particular  substrate-adsorbate  systems.  However,  many 
practical  applications  in  the  development  of  high  power  laser  systems, 
such  as  the  investigation  of  surface  absorption  due  to  vapors  adsorbed 
on  laser  window  surfaces  during  exposure  to  the  atmosphere,  during 
exposure  to  low-vapor-pressure  system  components,  and  during  surface 
passivation  treatments,  correspond  to  less  stringent  experimental  condi¬ 
tions  such  as  those  used  for  the  initial  investigations  described  here. 

To  improve  the  operation  of  the  spectrometer  and  to  permit  easier  tuning 
and  more  rapid  data  collection,  a  precision  ratiometer  has  been  designed 
and  constructed  to  allow  monitoring  of  the  photoacoustic-signal  to 
transmi tted-power  ratio  during  tuning  of  the  laser.  Additionally,  the 
system  enclosure  was  modified  to  permit  continuous  monitoring  of  the 
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wavelength  calibration  when  needed. 

An  additional  capability  of  the  spectrometer  is  indicated  by  the 
curve  shown  in  Figure  28.  This  diagram  represents  a  portion  of  an 
absorption  spectrum  for  an  adsorbed  gas  layer  on  a  solid  surface. 
Normally,  the  absorption  level  is  obtained  at  several  CO^  laser  line 
positions  (represented  in  the  figure  by  vertical  solid  lines,  with  there 
being  at  least  80  useful  lines  available  from  the  tunable  laser).  In 
many  cases,  this  information  would  uniquely  identify  a  small  molecule. 

It  would  also  be  possible  in  some  cases  to  use  the  piezoelectric  fre¬ 
quency  scanning  capabilities  of  the  laser  to  scan  near  a  line,  if  the 
spectrum  shows  several  absorption  features  within  the  tuning  range  of  a 

single  line.  This  procedure  would  further  contribute  to  the  precise 
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identification  of  an  impurity. 
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Section  VII 

VISIBLE  WAVELENGTH  SPECTROSCOPY  OF  II-V1  SEMICONDUCTORS 

In  this  section  experimental  and  computational  results  for  some 
visible  wavelength  studies  of  1 1 - V I  semiconductor  crystals  are  described. 

In  particular,  optical  and  photoacoustic  data  are  compared  for  measurements 
on  ZnSe  and  CdS  crystals.  Additionally,  results  are  given  for  the 
elective  optical  absorption  coefficient  as  derived  from  the  experimental 
optical  transmi ssion  data  and  from  the  photoacoustic  data  for  the  samples. 

A  block  diagram  of  the  experimental  apparatus  is  shown  in  Figure  29. 

The  light  source  is  a  1  kW  xenon  lamp  with  a  Schoffel  Model  Gm-250  mono¬ 
chromator  ooerated  with  a  2  mm  slit-width,  giving  a  6.6  nm  bandpass,  and 
followed  by  a  390  nm  long  pass  filter  to  eliminate  second  and  higher  order 
diffracted  light.  The  chopper  is  a  Laser  Precision  Model  CTX  534 
which  was  normally  operated  at  10  Hz.  The  condenser  microphone  is  a 
Bruel  and  Kjaer  Model  4134  followed  by  a  Model  2619  preamplifier  giving 
an  overall  sensitivity  of  1  mV/ubar.  The  lock-in  is  a  Princeton 
Applied  Research  Corporation  Model  HR-8,  which  has  a  tuned  amplifier 
stage  and  detects  the  root-mean-square  value  of  tne  fundamental  component 
of  the  photoacoustic  signal.  The  visible  wavelength  photoacoustic  cell 
has  a  cavity  of  15  mm  in  diameter  and  a  length  of  8  mm,  including  1  mm 
due  to  the  thickness  of  the  gasket.  The  cell  has  been  previously  described 
by  Campbel 1  et  al . ^ 

The  samples  were  approximately  square  with  a  size  of  about  5  mm  and 
thicknesses  of  0.41  mm  for  ZnSe  and  0.35  mm  for  CdS.  For  each  semiconductor 

sample,  a  reference  sample  was  cut  from  the  adjacent  portion  of  the  same 
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crystal  and  coated  on  its  front  side  with  flat-back  paint.  This  reference 
sample  was  used  to  normalize  the  photoacoustic  signal  and  to  correct  for 
the  spectrum  of  the  source.  All  crystals  were  mounted  on  square  sectio". 
of  glass  microscope  slides  using  a  cyanoacryl ate  ester  glue,  and  these 
glass  slide  sections  were  the  exit  window  of  the  photoacoustic  cell 
as  shown  in  Figure  29. 

The  normalized  photoacoustic  spectra  of  ZnSe  and  CdS  are  showr  e 
Figures  30  and  31,  respectively.  The  photoacoustic  spectra  show  absc'rt’o r 
edges  at  469  nm  for  ZnSe  and  520  nm  for  CdS.  The  abso  tion  edge  is 
defined  here  as  the  point  near  the  band  edge  where  the  slope  is  a  maximum. 
The  spectrophotometer  data  are  given  in  Figures  32  and  33  for  ZnSe  and  Cds, 
respectively.  These  data  were  obtained  with  a  Varian  Superscan  3  visitle 
spectrometer  using  a  resolution  of  1  nm.  The  optical  spectra  show 
absorption  edges  at  473  nm  for  ZnSe  and  520  nm  for  CdS. 

A  comouter  program  based  on  a  multilayer  one-dimensional  heat-flow 
model  of  the  photoacoustic  cell  was  used  to  calculate  the  signal  magnitude 
as  a  function  of  the  absorption  coefficient  of  the  semiconductor  crystals. 
This  procedure  permits  a  comparison  of  data  from  a  photoacoustic  spectrum 
with  the  optical  spectrum  for  the  same  crystal.  The  calculated  data 
shown  in  Figures  34  and  35  include  necessary  reflectivity  results  derived 
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from  published  data0  ’  and  include  an  adjustment  to  the  magnitude  of  the 
calculated  photoacoustic  data  to  match  the  value  of  the  maximum  absorption 
coefficient  of  the  calculated  optical  data.  The  absorption  edges  occur 
at  471  nm  for  ZnSe  and  at  523  nm  for  CdS  in  the  calculated  photoacoustic 
spectra  and  at  473  nm  for  ZnSe  and  522  nm  for  CdS  in  the  calculated  optical 
spectra.  Note  that  the  effect  of  the  heat-flow-model  data-conversion,  as 
illustrated  in  the  results  for  the  transformed  data  presented  in  Figures 


34  and  35  is  to  bring  the  photoacoustic  data  into  closer  conformity  to  the 
the  results  derived  from  conventional  optical  transmission  spectrometer  meas¬ 
urements  . 
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Section  VIII 

SUMMARY 

A  list  of  topics  investigated  during  the  cour<a  of  this  work 
is  given  below  to  summarize  the  general  scope  of  this  project: 

1)  Theoretical  calculations  for  a  one-dimensional  heat  transport 
and  acoustic  wave  propagation  model  for  the  photoacoustic  cell  were 
performed.  The  results  obtained  demonstrate  effects  of  sample  thick¬ 
ness,  cell  length,  chopping  frequency,  and  absorption  coefficient. 

2)  An  electrical  calibration  procedure  was  developed  using 
thin-film  resistors  or  bulk  resistor  samples,  as  appropriate.  The 
measured  signal  level  for  a  known  power  input  to  a  resistor  gives  the 
absolute  calibration  and  frequency  response  for  the  cell. 

3)  An  experimental  apparatus  was  designed  and  constructed  for 
use  with  C02  lasers.  The  facility  presently  includes  a  fixed  wave¬ 
length  laser  operating  at  10.6  pm  and  a  tunable  laser  operating  between 
9.2  and  10.9  -Mm. 

4)  Optical  absorption  determinations  for  high  power  laser  windows 
were  performed.  There  included  RbCf-doped  KCF  laser  windows  provided 

by  the  Air  Force  Materials  Laboratory  which  had  been  separately  characterized 
by  laser  calorimetry. 

5)  Procedures  were  devleoped  for  the  assessment  of  the  deterioration 
and  surface  treatment  of  high  power  laser  window  materials  and  trans¬ 
parent  materials  in  general. 

6)  Optical  absorptance  measurements  were  performed  for  window  coatina 
materials,  including  contaminated  NaF  films  for  which  transmission  infrared 
spectrophotometer  scans  were  also  obtained. 
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7)  The  application  of  the  photoacoustic  technique  to  the  detection 
and  characteri zation  of  localized  defects  has  been  investigated.  This 
included  the  procedures  of  beam  scanning  and  derivation  of  the  depth 
distribution  of  absorption  coefficient  from  the  chopping  response  data. 

8)  The  measurement  of  nonlinear  absorption  effects  using  photo¬ 
acoustic  detection  has  been  demonstrated,  initially  using  GaAs:Cr  and  Si 
samples . 

9)  An  apparatus  using  a  1  kW  xenon  lamp  source  with  monochromator 
(which  was  originally  constructed  in  connection  with  biological  materials 
research)  has  been  adapted  for  and  applied  to  the  analysis  of  semicon¬ 
ductors  and  contaminated  film. 

10)  Controlled  vapor  exposure  studies  of  transparent  crystal  surfaces 
have  been  performed  using  the  fixed  wavelength  CO^  laser.  These  studies 
have  revealed  several  new  general  features  which  are  separately  associates 
with  the  desorption  of  contaminants  (having  a  beam  exposure-time  dependence 
and  gas  adsorption  (having  a  vapor  exposure-time  dependence). 

11)  The  absorption  bands  due  to  impurities  in  highly  transparent 
materials  and  due  to  gases  adsorbed  on  their  surfaces  have  been  investi¬ 
gated  in  the  9.2  to  10.9  pm  wavelength  range. 

12)  Visible  wavelength  photoacoustic  and  optical  measurements  have 
been  performed  on  1 1 - V I  semiconductor  crystals  and  effective  optical 
absorption  coefficients  have  been  derived  from  the  data  using,  for  the 
photoacoustic  results,  a  multilayer  one-dimensional  heat-flow  model  of 


the  cell. 
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Figure  3 

EFFECTS  OF  SAMPLE  THICKNESS 


Frequency(Hz) 


Figure  4 

FREQUENCY  RESPONSE  FOR  SURFACE  AND  BULK  ABSORPTION 
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Figure  5 

BLOCK  DIAGRAM  OF  THE  PHOTOACOUSTIC  APPARATUS 
(CHOPPED  MODE) 
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Figure  6 


CROSS-SECTION  VIEW  OF  THE  PHOTOACOUSTIC 
CELL  AND  THE  MICROPHONE/PRE-AMP 
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Figure  7 

electrical  calibration  procedure  using  a  thin-film  resistor 
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Figure  8 


PHOTOACOUSTIC  CELL  RESPONSE  AS  MEASURED  FOR  THE  CELL 
USED  AND  AS  CALCULATED  FOR  A  SIMPLE  MODEL. 
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Figure  9 


PHOTOACOUSTIC  SIGNALS  FROM  NaF  FILMS  JUST  AFTER  REMOVING 
FROM  THE  EVAPORATION  SYSTEM  (SAMPLES  Y  AND  Z)  AND  AFTER 
DETERIORATION  WITH  ATMOSPHERIC  EXPOSURE  (  SAMPLE  X). 


t 


FREQUENCY  (Hz) 


Figure  11 

PHOTOACOUSTIC  SIGNALS  DUE  TO  INDIVIDUAL  RbCl -DOPED  KC1  CRYSTALS 
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Figure  13 

BLOCK  DIAGRAM  OF  THE  PHOTOACOUSTIC  APPARATUS 
(PULSED  MODE) 
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Figure  14 

PHOTOACOUSTIC  SIGNAL  PER  UNIT  IRRADIATED  AREA 
VERSUS  RELATIVE  INCIDENT  INTENSITY 
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Figure  15 

PHOTOACOUSTIC  RESPONSE  TO  0.5  ms  PULSES 
(FOR  BULK  AND  SURFACE  ABSORPTION) 
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Figure  16 

PHOTOACOUSTIC  RESPONSE  TO  O.S  ms  PULSES 
(FOR  THIN  CRYSTALS  OF  GaAs:Cr  AND  Si) 
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Figure  17 


BLOCK  DIAGRAM  OF  THE  PHOTOACOUSTIC  APPARATUS 
(LOCALIZED  ABSORPTION) 
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Fi gure  1 8 

EXPERIMENTAL  POSITION  DEPENDENCE  OF  THE  PHOTOACOUSTIC  SIGNAL  (SOLID  CURVE) 
AND  CALCULATED  DEPENDENCE  FOR  A  GAUSSIAN  BEAM  (DASHED  CURVE) 
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Figure  19 

CHOPPING  FREQUENCY  DEPENDENCE  OF  THE  PHOTOACOUSTIC 
SIGNAL  AT  THE  CENTER  OF  THE  CIRCULAR  FILM  (CURVE  A) 
AND  AT  ITS  BOUNDARY  (CURVE  B). 
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Figure  20 


EXPERIMENT  CONFIGURATION  FOR  ELECTRICAL  ANALOG  Of  A 
LOCALIZED  ABSORBER 
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EXPERIMENTAL  FREQUENCY  RESPONSE  FOR  50  pm  SQUARE  HEAT  SOURCE 
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Figure  23 

BLOCK  DIAGRAM  OF  THE  INFRARED  APPARATUS 
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Figure  24 

TIME  DEPENDENCE  OF  PHOTOACOUSTIC  SIGNAL  DURING 
WATER  VAPOR  EXPOSURE  OF  KC1  CRYSTALS 


WAVELENGTH  (/*m) 

Figure  25 

PHOTOACOUSTIC  SPECTRA  FOR  KC1  CRYSTALS  (a)  BEFORE 
VAPOR  EXPOSURE,  (b)  AFTER  VAPOR  EXPOSURE,  AND 
(c)  DIFFERENCE  SPECTRUM. 


Figure  26 


PHOTOACOUSTIC  SPECTRUM  FOLLOWING  ATMOSPHERIC 
CONTAMINATION  OF  KC1  CRYSTALS 
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Figure  21 

SCHEMATIC  DIAGRAM  OF  TIME  DEPENDENCE  OF  SURFACE 
ABSORPTANCE  IN  VAPOR  EXPOSURE  INVESTIGATION 
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Figure  28 

HYPOTHETICAL  ABSORPTION  SPECTRUM  FOR  SMALL  GAS 
MOLECULES  ADSORBED  ON  A  TRANSPARENT  CRYSTAL. 
SOLID  VERTICAL  LINES  REPRESENT  A  FEW  OF  THE  CO? 
LASER  LINES  AND  DASHED  VERTICAL  LINES  RERESENT4 
THE  FREQUENCY  SCANNING  TECHNIQUE  FOR  ONE  OF  THE 
C02  LASER  LINES. 
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Figure  29 

BLOCK  DIAGRAM  OF  VISIBLE  WAVELENGTH  APPARATUS 
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Figure  34 

CALCULATED  ABSORPTION  COEFFICIENT  USING  OPTICAL  DATA 
(SOLID  LINE)  AND  PHOTOACOUSTIC  DATA  (DASHED  LINE) 

FOR  ZnSe 


CALCULATED  ABSORPTION  COEFFICIENT  USING  OPTICAL  DATA 
(SOLID  LINE)  AND  PHOTOACOUSTIC  DATA  (DASHED  LINE) 

FOR  CdS 
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